Abstract-VEGF (vascular endothelial growth factor) receptor tyrosine kinase inhibitors have become first-line therapy for metastatic renal cell carcinoma. Their use commonly leads to hypertension, but their effects on long-term renal function are not known. In addition, it has been suggested that the development of hypertension is linked to treatment efficacy. The objective of this study was to determine the effects of these drugs on long-term renal function, especially in those with renal dysfunction at baseline, and to examine the role of hypertension on these effects. Serum creatinine measurements were used to calculate the estimated glomerular filtration rate for 130 renal cell carcinoma patients who were treated with this class of tyrosine kinase inhibitors. New or worsening hypertension was defined by documented start or addition of antihypertensive medications. Overall, the use of tyrosine kinase inhibitors in patients with estimated glomerular filtration <60 or ≥60 mL/min per 1.73 m 2 was not associated with a decline in long-term renal function. During followup, 41 patients developed new or worsening hypertension within 30 days from first drug administration, and this was not linked to further reductions in glomerular filtration. These patients seemed to survive longer than those who did not develop hypertension within 30 days, although this was not statistically significant (P=0.07). Our findings suggest that the use of VEGF tyrosine kinase inhibitors does not adversely affect long-term renal function even in the setting of new-onset hypertension or reduced renal function at baseline. (Hypertension. 2017;70:552-558.
R enal cell carcinoma (RCC) represents 2% to 3% of adult cancers worldwide, with 62 700 new cases and 14 240 deaths in the United States in 2015. 1, 2 The highest incidence occurs in men aged 50 to 70 years, and established risk factors include smoking, obesity, and hypertension. 3 For those with localized tumors, the first-line treatment is surgical, but up to one third of those treated develop metastatic recurrence within 10 years, and ≤30% of all patients with RCC first present with metastatic disease. [4] [5] [6] For these patients with advanced disease, systemic therapy is usually indicated.
Inactivation of von Hippel-Lindau suppressor is common in RCC and results in stabilization of hypoxia-inducible factor and overexpression of VEGF (vascular endothelial growth factor), an important promoter of tumor angiogenesis. 7, 8 Understanding of this critical mechanism led to the development of targeted therapies including the anti-VEGF antibody bevacizumab, and more recently, VEGF receptor tyrosine kinase inhibitors (VEGFR-TKIs), which are now used as standard of treatment for metastatic RCC (mRCC). Because VEGF is also normally expressed in several cell types, VEGF inhibition can interfere with physiological processes and lead to several adverse effects. VEGF expressed in podocytes of the glomerulus activates VEGF receptors in the neighboring glomerular endothelium 9 and signals podocytes via autocrine mechanisms to promote survival and maintenance of the selective barrier to macromolecules. 10 VEGF signaling also seems to play a role in vasodilation by activating NO synthase. 11, 12 Clinically, VEGFR-TKIs and bevacizumab have been associated with the development of renal thrombotic microangiopathy, proteinuria, and, more commonly, hypertension. 9, 13 In some case reports, these side effects are also associated with acute reductions in glomerular filtration rate (GFR). 9, [14] [15] [16] Although the side effects associated with VEGF inhibition have been reported to resolve after drug discontinuation, hypertension is hypothesized to be a biomarker of efficacy 17 and can be controlled with standard antihypertensive drugs to allow continuation of cancer treatment. 18 It remains unclear, however, whether the use of VEGFR-TKIs produces longterm adverse effects in renal function, especially in patients who already have renal dysfunction as a result of nephrectomy and medical comorbidities. In this study, we examined the renal function of 130 mRCC patients who were treated with VEGFR-TKIs at Memorial Sloan Kettering Cancer Center (MSKCC). We were particularly interested in the longterm effects of VEGFR-TKIs on renal function, especially in patients who had reduced renal function (estimated GFR [eGFR] <60 mL/min per 1.73 m 2 ) at baseline, as well as the role of new-onset or worsening hypertension on these effects and overall survival. We hypothesized that VEGFR-TKI therapy may adversely affect kidney function given the reported renal effects of this therapy, while at the same time the development of new or worsening hypertension may impart survival benefit but would not affect kidney function.
Methods

Study Patients
A retrospective chart analysis was performed after obtaining approval from the Institutional Review Board at MSKCC. Protected health information was coded in accordance with the requirements of Health Insurance Portability and Accountability Act. We identified patients who were diagnosed with RCC between January 2010 and June 2014, presented at MSKCC with distant metastases/systemic disease, and were planning to receive treatment with at least one VEGFR-TKI according to physician orders and dispensation by the MSKCC pharmacy. Specifically, we identified patients who received sunitinib, pazopanib, sorafenib, axitinib, tivozanib, or cabozantinib. We excluded patients who on further review were found to never have taken the VEGFR-TKIs, who were receiving VEGFR-TKIs before treatment at MSKCC, or who did not have at least one post-VEGFR-TKI measurement of serum creatinine.
Data Collection
The baseline for our study was the date of first administration of any VEGFR-TKI. The baseline characteristics collected included sex, race, body mass index, age at diagnosis, stage at diagnosis as defined by the American Joint Committee on Cancer, smoking history, history of hypertension, and history of diabetes mellitus. We also categorized each patient into 1 of 3 risk groups for mRCC based on 5 prognostic factors (Karnofsky performance status, serum lactate dehydrogenase, hemoglobin, corrected serum calcium, and history of nephrectomy) as identified by Motzer et al. 19 For this study, we collected dates for the first and last administrations of each VEGR-TKI, which allowed us to capture breaks between regimens of different drugs but not breaks within one drug regimen. We recorded whether doses were reduced for each agent and coded the reason for discontinuation of a drug as progression of disease or adverse events. Serum creatinine values measured at MSKCC were collected starting from 30 days before first VEGFR-TKI administration, up to the most recent measurement. New or worsening hypertension (new/worsening hypertension) in our patients was defined by documented addition or change of antihypertensive medications with corresponding physician orders or assessments. The date of last follow-up for survival analysis was noted by the most recent communication with the patient in the chart as of July 2015.
Analysis and Statistical Methods
We used serum creatinine to calculate eGFR values using the CKD-EPI formula (Chronic Kidney Disease Epidemiology Collaboration) 20 as follows: eGFR (mL/min per 1. . Tests for differences between groups were conducted using the Wilcoxon rank-sum test when continuous and Fisher exact test when categorical. Measurements of eGFR starting from initiation of VEGFR-TKI treatment were plotted over time for each patient using a spaghetti plot, and a locally weighted scatterplot smooth (lowess) was overlaid to show the average trajectory separately for those with baseline eGFR <60 mL/min per 1.73 m 2 and those with baseline eGFR ≥60 mL/min per 1.73 m 2 . Overall survival (OS) times were estimated using the KaplanMeier method from date of VEGFR-TKI initiation to date of death or last follow-up. Similarly, the Kaplan-Meier method estimated time to first new/worsening hypertension during follow-up from time of VEGFR-TKI initiation. Patients who did not develop new/worsening hypertension were censored at their date of last follow-up. The log-rank test was used for by-group comparisons. Cox regression was used for multivariable analysis.
To evaluate factors associated with eGFR over time, we fit a mixed-effects model with a random intercept and random slope for each patient. The model included time and the factor of interest as fixed effects. This model accounts for the correlation between multiple eGFR measurements from each patient over time and allows for variation in individual baseline and trajectory of eGFR.
All statistical analyses were conducted using R software version 3.1.1 (R Core Development Team, Vienna, Austria) including the survival and nlme packages. A P value <0.05 was considered statistically significant.
Results
We identified 130 patients with mRCC who took VEGFRTKIs and met our other inclusion criteria for the study. The baseline chosen for analysis was the date of first administration of VEGFR-TKI. Table 1 ) baseline eGFR. A majority of these patients were white (89.2%) and male (70%) with a median age of 57 years overall. As shown in Table 1 
001).
There was no statistically significant difference in the prevalence of diabetes mellitus between the groups (P=0.14). Overall, most of the patients included in the study received long-term treatment but were often switched from one agent to another because of disease progression or adverse events. The cumulative treatment duration in Table 1 represents the total number of days that patients took VEGFRTKIs and accounts for major treatment holidays and periods of treatment with agents of other pharmacological classes. As shown in Table 1 , there was no significant difference in the cumulative treatment duration (P=0.30) or number of VEGFR-TKI regimens (P=0.24) between those with normal and abnormal baseline renal function.
During follow-up, 64 patients died from any cause. The median OS was 2 years from first VEGFR-TKI administration (95% confidence interval, 1.6-2.8), and survivors were followed up for a median of 1.5 years (min=0.2; max=5.2). Those with baseline eGFR <60 mL/min per 1.73 m 2 seemed to have a survival advantage in comparison to the group with normal baseline renal function. However, after adjusting for all characteristics significantly associated with baseline eGFR in Table 1 , this association did not retain significance (hazard ratio, 0.59; 95% confidence interval, 0.32-1.10).
To investigate renal function, we calculated eGFR using serum creatinine measurements. We first plotted these values versus time for all patients, starting after the first administration of VEGFR-TKI. Overall, our patients exhibited an upward trend in eGFR over time that appeared similar among those with baseline eGFR <60 mL/min per 1.73 m 2 and those with baseline eGFR ≥ 60 mL/min per 1.73 m 2 ( Figure 1 ). We used a mixed-effects model to more quantitatively evaluate the association of baseline eGFR and eGFR over time. We found that the upward trend in eGFR was statistically significant, such that on average, a 1-day increase in time was associated with a 0.016 U increase in eGFR (P=0.01). We also found that there was no significant interaction between days from first VEGFR-TKI and baseline eGFR (P=0.65), consistent with relatively parallel trends observed in Figure 1 . We then looked at the association of other baseline characteristics with eGFR over time using univariable models (not shown). Including only the variables that were significant on univariable analysis, we fit a multivariable linear mixed model (Table 2 ). Here, we found that abnormal baseline eGFR, older age, and higher BMI were significantly associated with lower eGFR.
New/worsening hypertension developed in 65 patients during follow-up (Figure 2 ). Mean systolic blood pressure at the time when antihypertension regimen was first started or changed was 153.4 mm Hg (SD: 16.3) and mean diastolic blood pressure was 89.9 mm Hg (SD: 9.8). Mean systolic blood pressure at the time of last follow-up or discontinuation of the VEGFR-TKI was 130.0 mm Hg (SD: 16.3) and mean diastolic blood pressure was 80.1 mm Hg (SD: 8.5). Median time to development of new/worsening hypertension was 0.8 years (95% confidence interval, 0.3 to not reached), and median follow-up time among those who did not develop new/worsening hypertension was 0.7 years (min=0.1; max=5.2). Overall, development of new/worsening hypertension occurred within 30 days from first VEGFR-TKI use in 41 patients (31.5%). The proportion of patients who developed new/worsening hypertension within 30 days of first VEGFR-TKI was similar in those with abnormal and normal eGFR (32% versus 31%, respectively; P=0.91). To control blood pressure (BP), 54% of the patients were started on calcium channel blockers or had its dose increased. Furthermore, 19% of the patients were started on or had the dose increased of angiotensin receptor blockers or angiotensin-converting enzyme inhibitors, and 8.8% of the patients were started on or had the dose increase of the β-blocker. The rest were treated with either thiazide diuretics or combinations of the above medications.
Using mixed-effects model analysis starting 30 days after initiation of treatment, we found that developing new/ worsening hypertension had little effect on eGFR. There was no significant association between the development of new/ worsening hypertension within 30 days and eGFR (P=0.41). Additionally, there was no significant interaction between days from first VEGFR-TKI and new/worsening hypertension within 30 days (P=0.38). Because of growing evidence supporting the development of hypertension as a biomarker of VEGFR-TKI efficacy, 17 we examined the association between new/worsening hypertension within the first 30 days and OS. In our patients, those who developed new/worsening hypertension within 30 days seemed to have a slight survival advantage over the group that did not, but this was not found to be statistically significant (P=0.07; Figure 3 ).
Discussion
In this study of patients with mRCC who were treated with VEGFR-TKIs, abnormal baseline eGFR, older age, and higher BMI were significantly associated with lower eGFR over time. We found that there was an upward trend in eGFR during follow-up and that there was no significant difference in eGFR trends when comparing patients with abnormal baseline renal function to those with normal baseline renal function. We also found that half of all patients developed new/ worsening hypertension during follow-up and that most of these patients did so within the first 30 days. Regarding OS, we saw that those with abnormal baseline eGFR seemed to have a survival advantage that did not hold statistical significance after adjusting for other baseline factors. Those who developed new/worsening hypertension within 30 days of follow-up also seemed to survive longer, but this did not reach statistical significance either.
Our findings suggest that the renal function of our patients is stable overall, despite the known age-related decline in GFR of 0.75 to 1 mL/min per 1.73 m 2 every year after 40 years of age. 21 However, few studies have looked specifically at glomerular filtration in patients on anti-VEGF therapies. One study examined mRCC patients treated with VEGFR-TKIs after unilateral nephrectomy and found an overall decline in GFR of 1.23 to 2.51 mL/min per 1.73 m 2 each year, depending on the method used for analysis. 22 Without a group for comparison, it was not possible to distinguish this from physiological decline. Additionally, most VEGFR-TKI trials exclude patients with abnormal kidney function; therefore, the outcomes of these patients while on VEGFR-TKIs have not been well reported. In one analysis of clinical trials of sunitinib and sorafenib, it was found that among 21 patients with renal insufficiency before the start of treatment, the median difference between baseline creatinine clearance and the lowest creatinine clearance was 2.2 mL/min per 1.73 m 2 during a median treatment duration of 8.7 months. 23 These findings and ours do not suggest that there is a significant decline in the renal function of these patients while being treated with VEGFR-TKIs, even in the presence of underlying kidney disease.
The trend toward a survival advantage demonstrated by patients with abnormally low baseline eGFR is an unpredicted result, although it is likely explained by other baseline differences between the 2 groups, as this association is no longer significant in multivariable analysis. For example, the groups differed significantly in the proportion of patients who underwent nephrectomy before the start of treatment, with nephrectomies being more common in those with low baseline eGFR. A vast majority of these nephrectomies were radical, which are associated with lower postoperative GFR and increased risk of new-onset CKD. 24, 25 Additionally, previous nephrectomy itself is a prognostic indicator described by Motzer et al 19 and may contribute to the survival advantage. Although a few patients underwent nephrectomy after starting VEGFR-TKIs, most of those who did not undergo previous nephrectomy were not deemed to be good candidates. The reasons cited for this included patient comorbidities, high burden of metastatic disease, and low likelihood of achieving clinical benefit. Therefore, those who undergo nephrectomies may be more likely to have both a lower eGFR and also a better prognosis.
In our patients, those who developed new/worsening hypertension seemed to have a survival advantage over the group that did not, but this association did not reach statistical significance. It is worth noting that several of the studies cited as evidence for hypertension as a potential biomarker for efficacy show clinical benefit (eg, in progression-free survival) with no statistically significant difference in OS. [26] [27] [28] If a difference in OS indeed exists, the ability to detect one in our study could have been limited by our sample size and the retrospective nature of the study. An ongoing trial on axitinib escalation aims to provide more definitive evidence on whether hypertension is a valid biomarker of efficacy (NCT00835978). Preliminary data from this study indicate that patients in the axitinib titration group achieved greater objective response. 29 Overall, development of new/worsening hypertension did not have an effect on eGFR. This is most likely because of the fact that BP was well controlled with mean systolic blood pressure and diastolic blood pressure within normal limits at last follow-up or at discontinuation of therapy and relatively short duration of follow-up.
Our study design was not without limitations. Although patients were often encouraged to monitor their BPs at home, decisions on adding or increasing medications (ie, our criteria for new/worsening hypertension) were also made based on measurements in the clinic. Neither of these methods may capture changes in BP as reliably as 24-hour ambulatory monitoring. 30 Additionally, for the purpose of this study, there was no defined elevation in BP reading for which an increase or change in medications should be prescribed. However, the general practice in our institution is to follow recommendations from Angiogenesis Task Force of National Cancer Institute, which recommended initiation or adjustment of antihypertensive regimen for BP >140/90 or >20 mm Hg change in diastolic blood pressure. 18 Most of our analysis does not account for breaks in treatment, which ranged in length from days to months and for a variety of reasons including adverse events and treatment with agents that do not target the VEGF pathway. However, we found that cumulative treatment days were similar between groups. The retrospective nature of our study and lack of a control group prevent us from finding any definitively causative associations, making the interpretation of trends in eGFR less clear. Another limitation was the use of serum creatinine to calculate eGFR as a measurement of renal function, which may explain the upward trend in eGFR in our patients. Serum creatinine may have decreased because of progressive cachexia and loss of muscle mass in these cancer patients, rather than an improvement in renal function. In this study, we were unable to assess proteinuria because these data are not routinely collected. We had post-VEGFR-TKI proteinuria data for only 79/130 (60.8%) of the patients included in the study, and among those patients, only 6 (7.1%) had clinically significant proteinuria. This should be investigated more rigorously in future studies.
Perspectives
In summary, our study finds no obvious differences in the effect of VEGFR-TKIs on renal function for those with abnormal renal function versus those with normal renal function at baseline. Additionally, our study demonstrates that the development of new/worsening hypertension has no significant impact on OS or association with progressive decline in renal function. These findings suggest that these drugs can be used in patients with renal insufficiency or new-onset hypertension without any additional risk of further kidney dysfunction. However, prospective long-term studies will be needed to better assess the effects of VEGFR-TKIs on long-term renal function.
